Background--The response of progenitor cells (PCs) to transient myocardial ischemia in patients with coronary artery disease remains unknown. We aimed to investigate the PC response to exercise-induced myocardial ischemia (ExMI) and compare it to flow mismatch during pharmacological stress testing.
Coexpression of chemokine (C-X-C motif) receptor 4 (CXCR4 + ) that promotes homing of PCs to stromal-derived factor (SDF)-enriched hypoxic environments further characterizes PCs with a capacity for vascular repair. 10 In addition, cell therapy using autologous CD34 + PCs for the treatment of advanced heart and peripheral vascular diseases has shown encouraging results. [11] [12] [13] [14] [15] The role of circulating PCs in vivo and their ability to home to ischemic myocardium in patients with coronary artery disease (CAD) have not been well studied before. 16 Herein, we assessed the level of circulating PCs in the setting of myocardial ischemia provoked by exercise stress testing. We compared it with controls without exercise-induced ischemia and those with reversible perfusion defects during pharmacological stress testing who represent mismatch in the flow.
We have also assessed the role of 2 well-known mobilizing factors of PCs, vascular endothelial growth factor (VEGF) and SDF-1a. VEGF enhances PC mobilization from their niches in the bone marrow and their proliferation. 17, 18 SDF-1a, also known as CXCL12, is expressed in ischemic tissues as a result of activation of hypoxia-inducible factor-1 and plays a key role in recruitment and homing of stem cells, particularly those expressing CXCR4 that binds to SDF-1a. [19] [20] [21] [22] Our hypothesis was that exercise stress would mobilize circulating
PCs from the bone marrow into the peripheral blood and that PCs will home to the ischemic myocardium in patients with myocardial ischemia.
Methods
The data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure.
Study Population
Patients were enrolled into the MIPS (Mental Stress Ischemia Prognosis Study), a prospective study that recruited patients with stable CAD, between June 2011 and August 2014, at Emory University affiliated hospitals. 23 The presence of CAD was defined by an abnormal coronary angiogram demonstrating evidence of atherosclerosis with at least luminal irregularities, documented previous percutaneous or surgical coronary revascularization, documented myocardial infarction, or a positive nuclear stress test result. Patients with acute coronary syndromes or decompensated heart failure during the previous 2 months, end-stage renal disease, or unstable psychiatric conditions were excluded. Clinical information, including previous CAD events, CAD risk factors, coronary angiography results, and current medications, was documented using standardized questionnaires and medical record reviews. The research protocol was approved by the Institutional Review Board, and all participants provided informed consent. Patients were tested in the morning after a 12-hour fast. Antianginal medications (b-blockers, calcium channel blockers, and long-acting nitrates), xanthine derivatives, and caffeine-containing products were withheld for 24 hours before stress testing.
Conventional Stress Testing
Conventional stress testing was performed using the Bruce Protocol, and when contraindicated, pharmacological testing was performed with regadenoson. The radioisotope injection was given at peak exertion during the exercise test or immediately after the regadenoson injection. Exercise was continued for at least 1 minute after the injection.
Myocardial Perfusion Imaging and Single-Photon Emission Computed Tomography Image Interpretation
Myocardial perfusion imaging with 99mTc-sestamibi singlephoton emission computed tomography was performed at rest and 30 to 60 minutes on a separate day (1AE3 days from the resting scan) after conventional (exercise/
Clinical Perspective
What Is New?
• Physical exercise stimulates release of bone marrow progenitor cells in patients with coronary artery disease; this is at least in part attributable to the release of vascular endothelial growth factor.
• In those with myocardial ischemia, there is a reduction in circulating progenitors, likely because of homing of the progenitors to the ischemic myocardium.
• Myocardial ischemia stimulates release of stromal-derived factor-1a, and its circulating level correlates with the decline in myocardial ischemia-dependent decrease in circulating progenitor cells.
What Are the Clinical Implications?
• Exercise stimulates release of progenitor cells from the bone marrow.
• In those with myocardial ischemia, release of stromalderived factor-1a from the ischemic myocardium leads to homing of these cells to the ischemic myocardium in proportion to the magnitude of ischemia.
• This suggests that ischemia-mediated homing of progenitor cells promotes repair and regeneration and is a potential therapeutic target for management of patients with myocardial ischemia.
pharmacological) stress, according to standard protocols. Images were interpreted by 2 experienced readers blinded to the stressor (exercise/pharmacological) and without prior knowledge of the severity of CAD or other patient medical history. Discrepancies in the interpretation of single-photon emission computed tomography images were resolved by consensus. Rest and stress images were visually compared for number and severity of perfusion defects using a 17-segment model. Each segment was scored from 0 to 4, with 0 being normal uptake, and 4 being no uptake. Ischemia was defined as a new impairment with a score of ≥2 in any segment or as worsening of a preexisting impairment by at least 2 points if in a single segment or by at least 1 point if in ≥2 contiguous segments. 24 In addition to individual segment scores, we calculated the magnitude of the ischemic myocardium as (summed difference score/68)9100, as previously described. 25 
PC Measurements
We measured circulating PC counts using flow cytometry at rest (n=564) and 45 minutes after either exercise (n=245) or pharmacological (n=111) stress testing. 26 After an overnight fast, venous blood was collected via a peripheral vein into EDTA tubes and processed within 4 hours. 26 
Chemokine Measurements
Venous blood samples were collected for chemokine assays at rest (n=553) and 45 minutes (n=297) after the exercise stress test. Plasma was collected into ice-cooled citrate tubes and immediately centrifuged at 4°C; obtained plasma was snap frozen at À70°C until further processing. We used the electrochemiluminescence MesoScale system (Meso Scale Diagnostics, Rockville, MD) using the SECTOR Imager 2400 to quantitate VEGF and SDF-1a levels. Lower limits of detection were as follows: VEGF, 1.12 pg/mL; and SDF-1a, 27.8 pg/ mL. The midpoint calibrator interassay coefficients of variation were 3.79% for SDF-1a and 4.26% for VEGF. The intraassay coefficients of variation were 3.40% for SDF-1a and 2.05% for VEGF.
Statistical Analysis
Student t tests or ANOVA test for continuous variables and v 2 test for categorical variables were used to examine differences between assigned groups (positive versus negative ischemia). PCs are reported as median (interquartile range). Wilcoxon signed rank test was used to compare PCs and chemokine levels before and after stress testing. The base-2 logarithm transformation was used for nonnormally distributed variables (PCs and chemokines) to calculate percentage change with stress testing. Linear regression models were used to compare the change of PCs after stress test (exercise and pharmacological) in patients with and without myocardial ischemia. Simple and multiple linear regression models were used to examine the association between PCs and burden of myocardial ischemia. Spearman rank correlations were used to examine the correlation between PC change and chemokine level changes before and after stress testing. ANCOVA was used to compare the PC responses between patients with and without ischemia after adjusting for factors that correlated in bivariate analysis (P<0.2), with the change in PCs including age, sex, race, body mass index, previous myocardial infarction, diabetes mellitus, hypertension, and renal function.
Results
Of the 356 patients recruited (age, 63AE9 years; 76% men), 69% underwent exercise stress testing and the remainder had pharmacological stress tests. Patients undergoing pharmacological stress testing were more likely to be nonwhite, with higher body mass index, more cardiovascular risk factors, lower ejection fraction, and a higher incidence of myocardial ischemia (41% versus 31%) compared with those undergoing exercise stress testing (Table 1 ). There were no significant Myocardial Ischemia and CD34 + /CXCR4 + Cells Hammadah et al differences between patients with and without myocardial ischemia during either type of stress test, except for SDF-1a (Table 1) .
Changes in Circulating PC Counts With Stress Testing
There were no significant differences in the resting PC counts between patients who had exercise versus pharmacological stress testing, nor between patients with and without ischemia during either stress test (Table 1) . Overall, there was no significant change in PC counts 45 minutes after either stress test; however, there was a significant increase in the hemoglobin level after the exercise stress test (Table 2) . (Table 3) .
Moreover, and in contrast with the observations during exercise, there were no significant changes in PC counts between patients with and without myocardial flow mismatch detected during the pharmacological stress testing (Figure 1 , Tables 2 and 3 ).
Chemokine Changes During Exercise Stress Testing
Resting levels of VEGF and SDF-1a were not significantly different in patients with or without myocardial ischemia during either stress test (Table 1) .
Plasma VEGF levels increased similarly (15%, P<0.001) in all patients undergoing exercise stress testing, regardless of the presence or absence of ischemia ( Table 2 ). The change in SDF-1a was significantly different among those with and without exercise-induced ischemia (P=0.01); SDF-1a level decreased (À6.2%, P<0.01) in those without ischemia, but it remained unchanged in those developing ischemia (1%, P=0.38). More important, the change in SDF-1a level correlated inversely with the change in CD34 + and CD34 + / CXCR4 + PCs in those with exercise-induced ischemia (P=0.03) ( Table 4 , Figure 2 ), suggesting that patients with the greatest increase in SDF-1a after exercise had the greatest reduction in circulating PCs. Figure 2 demonstrates the relationship between the change in circulating SDF-1a level and the change in reduction in circulating PCs.
Discussion
In the largest study to date that assesses the effect of cardiovascular stress testing on PCs in peripheral blood, we demonstrate that there is a significant decrease in circulating CD34 + /CXCR4 + PC counts after the development of exerciseinduced myocardial ischemia. Furthermore, a greater burden of ischemic myocardium was associated with a proportionately greater decrease in circulating CD34 + /CXCR4 + PCs. In contrast, in patients without exercise-induced ischemia, circulating PC counts increased, and no changes were observed in patients undergoing pharmacological stress testing. The change in circulating SDF-1a level was significantly greater among patients with compared with those without myocardial ischemia during exercise. Moreover, the decrease in PC counts in those with exercise-induced ischemia correlated inversely with the change in SDF-1a levels. Because PCs expressing the CXCR4 epitope have the ability to home to areas of ischemia with increased expression of its ligand, SDF-1a, our results suggest that the increased expression of SDF-1a from the ischemic myocardium pro- contributes to collateral formation in ischemic tissues. [1] [2] [3] 27, 28 This is also compatible with observations of improvement in ischemic symptoms in patients with chronic ischemia treated with CD34 + PC cell therapy.
14 Although a bout of exercise or regular exercise training has been shown to increase circulating PCs, changes in circulating PC counts in the setting of acute myocardial ischemia have not been previously well studied. [29] [30] [31] [32] [33] Most of the previous studies have assessed PCs %24 hours to a few days or weeks after participation in regular exercise programs and have shown a significant increase in PCs. 31 and 8 days after an acute myocardial infarction. 20, 44 However, these studies are not comparable to our study because of differences in exercise protocols and study populations, lack of information about myocardial ischemia, and, most important, differences in the timing of PC assessments. Our investigation included a significantly larger population with well-defined stable CAD, used state-of-the-art radioisotope imaging for quantitation of myocardial ischemia, and used 2 control populations (patients without ischemia and those with flow mismatch after pharmacological stress testing). Exercise is associated with increased myocardial oxygen demand that can lead to the development of myocardial ischemia in patients with obstructive CAD. In contrast, pharmacological stress testing causes coronary vasodilatation, leading to flow mismatch in the region supplied by the obstructed coronary artery, without precipitation of ischemia. The observed %18% reduction in circulating CD34 + /CXCR4 + PCs 45 minutes after exercise-induced ischemia, when PC levels increased by %15% in those without exercise-induced ischemia, can be explained by homing of this subset to the ischemic myocardium, a process observed in experimental models. 21 This hypothesis is supported by findings of avid homing of intracoronary injected labeled CD34 + cells into the viable but ischemic peri-infarct tissue in patients receiving bone marrow cells after myocardial infarction, [45] [46] [47] as well as a higher myocardial engraftment in those with microvascular ischemia detected using coronary flow reserve. 47 Ischemia can induce significant mobilization of PCs from their vascular niches in the bone marrow into the peripheral blood. 18, 34, 36, 37, 41, 48, 49 PCs are maintained in the vascular Table 2 . *P value compares the change in those with and without ischemia. † Indicates P<0.05 for comparing levels before and after stress testing.
Myocardial Ischemia and CD34 + /CXCR4 + Cells Hammadah et al niches in a bound form between the basement membrane and various molecules, including CXCR4, SDF-1a, c-kit, adhesion molecules, and stem cell factor. 34, 49, 50 Chemokines that promote mobilization and homing of PCs 51 include VEGF, SDF-1a, and matrix metalloproteinases released from ischemic tissues. [19] [20] [21] [22] Binding of SDF-1a to its receptor CXCR4 promotes homing of PCs and activates phosphoinositide-3 kinase-dependent chemotaxis, cell migration, and secretion of matrix metalloproteinases and VEGF. 17, 18, [52] [53] [54] [55] [56] Exercise in our patients with CAD increased VEGF levels, but there was no difference in the magnitude of increase in VEGF levels between those with and without ischemia. Previous studies have reported increases, 18, 37, 39, 40 reduction, 57 or no change in VEGF levels with exercise. 37, 58 However, exercise in those with myocardial ischemia 39 or in those with severe obstructive peripheral arterial disease 37 resulted in a significant increase in VEGF levels, likely through induction of hypoxia-inducible factor 1. 59 Although this P values compare the changes in cells before and after stress testing in those with and without ischemia. increase in VEGF with exercise was associated with a simultaneous increase in circulating PCs in nonischemic patients, circulating PC levels were reduced in ischemic patients, presumably because, despite mobilization from the bone marrow by VEGF, they were homing to the ischemic myocardium.
We also found a significant inverse correlation between the change in SDF-1a levels and the change in PCs in those who developed ischemia during exercise stress testing. SDF-1a is expressed in atherosclerotic plaques and ischemic tissue, 49 and in the presence of a high SDF-1a gradient between the ischemic tissue, peripheral blood, and the bone marrow, PCs mobilize and home into the ischemic tissue. 27 
Strengths and Limitations
This is the largest and most comprehensive evaluation of the in vivo effects of transient myocardial ischemia on circulating PCs, where myocardial ischemia and PC levels were measured using state-of-the-art and reproducible techniques. Limitations include lack of functional PC assays and an extended timing of blood sampling. Also, we have not performed radiolabeled imaging to demonstrate increased PC homing. However, previous studies have shown that radiolabeled CD34 + cells, homed to areas of peri-infarct ischemia 46 and ischemic exercise in patients with atherosclerosis, resulted in an increased rate of PC incorporation into vascular structures because of upregulation of homing factors, like CXCR4. 37 The decrease in CD34 + /CXCR4 + cell counts was not significant in those who had a positive pharmacological stress test result. Although we have used the pharmacological stress group as a control population, the lack of changes within this subset may be because of differences in risk factors and other unmeasured differences that influence regenerative capacity. However, the baseline PC counts were similar in those who underwent exercise compared with those undergoing pharmacological stress testing.
Conclusion
Exercise-induced transient myocardial ischemia is associated with a significant decrease in circulating CD34 + /CXCR4 + cell counts, likely because of their SDF-1a-mediated homing to the ischemic myocardium. 
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